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Objective: In cases of single-ventricle physiology, the Fontan procedure often fails
even when the usual selection criteria are strictly respected. We analyzed specimens
from intraoperative open lung biopsies performed on 40 patients with single-ven-
tricle physiology who were considered to be good candidates for the Fontan proce-
dure. Histomorphometric study was performed to determine histologic factors
predictive of failure of the Fontan procedure.
Methods: Histomorphometric studies were performed on samples from 40 patients
aged 6 months to 23 years with single-ventricle physiology, either tricuspid atresia
(n = 14) or univentricular heart (n = 26). The preoperative pulmonary arterial pres-
sure was 18 mm Hg or less in 35 cases and greater than 18 mm Hg in 5 cases.
Eighteen patients underwent total cavopulmonary connection, 16 patients under-
went partial cavopulmonary connection, and 6 underwent a palliative procedure, as
determined according to clinical and hemodynamic findings.
Results: Lung biopsy specimens from all 5 patients with pulmonary arterial pres-
sure greater than 18 mm Hg appeared abnormal, whereas they appeared abnormal
only 51% of the time in the low pulmonary arterial pressure group. The most fre-
quent histologic abnormality observed was extension of smooth muscle cells in the
wall of distal intra-acinar pulmonary arteries. Of the 18 patients who underwent the
Fontan procedure, 9 had normal distal pulmonary arteries and good surgical results
(except 1 with the Fontan circulation taken down for an anatomic reason). The
remaining 9 had thick-walled distal intra-acinar pulmonary arteries with poor
results of the Fontan procedure, and 6 died. The mean percentage wall thickness of
small intra-acinar pulmonary arteries was significantly greater among the patients
with bad results than among those with good results of the procedure (P < .01).
Conclusions: Lung biopsy specimens were abnormal in 51% of patients with low
pulmonary arterial pressure, there was no relationship between preoperative pul-
monary arterial pressure and outcome, and extension of muscle in peripheral arter-
ies was always present in cases of failure of the Fontan procedure.
Histomorphometric study is therefore a useful adjunct to the usual selection criteria
for surgical decision making in cases of single-ventricle physiology.
The Fontan operation has been demonstrated to benefit selectedpatients with tricuspid atresia, univentricular heart, and other com-plex congenital heart diseases.1-3 Initially, 10 inclusion criteriaincorporating clinical, electrocardiographic, hemodynamic, andangiographic findings were proposed4; however, some of these cri-teria have been considered overly restrictive.2,5-7
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The outcome of this operation is highly dependent on
several risk factors, among which pulmonary vascular resis-
tances, ventricular end-diastolic pressure, and atrioventricu-
lar valve competence are the main determinants. In some
cases, however, patients who were ideal candidates for the
Fontan procedure have shown severe low cardiac output and
marked accumulation of extravascular fluid resistant to med-
ical treatment after this operation. Elevation of pulmonary
TABLE 1. Characteristics of patients
Catheterization results
PAP PCP
Case Sex Additional diagnosis Previous operations Age (mm Hg) (mm Hg) SAP QP/QS VEDP SaO2
1 F TA, PS APS 6 y 12 100/60 1 5 77%
2 M TA, PA APS 9 y 13 110/60 1.3 8 78%
3 F TA, PS APS 10 y 20 105/40 1.1 6 77%
4 M TGA PAB, PCPC 3.5 y 11 100/50 10 70%
5 F TA, PS None 2 y 13 100/75 74%
6 F MA, TGA, PS APS 7 y 17 115/70 2 10 80%
7 M TGA, MS PAB 18 mo 50 90/70
8 M levo-TGA, SAS PAB, PCPC 9 y 13 125/60 0.6 6 76%
9 F TA PAB 7 y 16 100/55 7 83%
10 M Corrected TGA, PS APS 11.5 y 14 105/50 10 80%
11 F Ivemark syndrome, None 6 mo 60 20 90/50 1 70%
AVSD, APVR
12 F TGA, MS, PDA PAB, Blalock-Hanlon 11 y 15 130/80 7 71%
13 M levo-TGA, PS, MS None 7 y 18 18 95/40 10 80%
14 M TA, PS None 3 y 13 110/65 1.5 6 76%
15 F TGA, PA APS (×2) 9 y 20 10 85%
16 F PS None 16 y 9 120/70 0.5 6 62%
17 F TA, TGA, PS None 5 y 18 110/60 1.5 10 75%
18 F TGA PAB, PCPC 6 y 13 115/70 85%
19 M TA, PS APS 7 y 14 100/55 80%
20 F TA, PA APS 11 y 15 110/65 2 6 78%
21 M PS None 15 y 9 120/60 1.4 8 90%
22 M TA, PS Waterston, APS (×2) 16 y 18 5 110/60 8 70%
23 M TA PAB 3 y 14 5 95/60 8 65%
24 F TGA, PS APS (×2) 4 y 18 6 100/65 7 70%
25 M Azygos continuation, PS APS (×2) 7 y 12 100/55 13 79%
26 M TGA, SAS, PS APS (×2) 11 y 13 110/70 7 75%
27 F TA, PS None 14 y 14 110/65 0.8 7 74%
28 M TGA,PS APS (×2) 22 y 10 120/60 1.6 7 75%
29 F TA, PS None 3 y 12 100/60 7 70%
30 M AVSD PAB 7 y 16 100/60 8 75%
31 M PS None 3.5 y 12 95/60 6 65%
32 F PS None 13 y 16 110/65 1.5 7 80%
33 M TA PAB 2.5 y 10 95/55 0.5 6 70%
34 M TGA PAB 11 y 13 8 110/60 8 80%
35 F PS None 6 y 16 100/60 10 85%
36 M PS None 5.5 y 16 95/60 7 79%
37 F PS APS 23 y 10 10 130/70 10 82%
38 M PS APS 13 y 20 18 110/65 5 60%
39 M PS APS 6 y 18 95/60 6 84%
40 M PAB 2 y 15 100/65 10 80%
PCP, Pulmonary capillary pressure; SAP, systemic arterial pressure; QP/QS, pulmonary to systemic perfusion ratio; VEDP, ventricular end-diastolic pres-
sure; TA, tricuspid atresia; PS, pulmonary stenosis; APS, aortopulmonary shunt; PA, pulmonary atresia; TGA, transposition of the great arteries; PAB, pul-
monary artery banding; fen, fenestration; MA, mitral atresia; NA, not applicable; MS, mitral stenosis; PDA, patent ductus arteriosus; SAS, subaortic
stenosis; AVF, arteriovenous fistula; AVSD, atrioventricular septal defect; APVR, anomalous pulmonary venous return.
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vascular resistances and ventricular failure are the most fre-
quent causes of early death after the Fontan procedure, and
attempts to take the Fontan circulation down at this stage are
also associated with high mortality.8 Fenestration of the
atrial baffle has been proposed as a way to reduce right atrial
pressure, decreasing the incidence and the duration of
pleural effusion and protein-losing enteropathy.9-11
Increased medial thickness can be found in patients with
normal pulmonary arterial pressure (PAP) and resistance,
and these changes could be responsible for high pulmonary
arteriolar resistance in the postoperative period, leading in
turn to Fontan procedure failure.12,13 Predicting pulmonary
vascular structure from the hemodynamic data is difficult,
however.14,15 Some authors have concluded that lung biopsy
studies are of no benefit in decision making.16,17 In fact, they
reported essentially modification of the proximal arteries
and did not mention the status of distal intra-acinar small
arteries. Therefore, lung biopsy specimens from patients
with single ventricle and low pulmonary blood flow are
often considered normal. Histomorphometric study of those
arteries is important; indeed, even a slight increase of wall
thickness of distal pulmonary arteries could be involved in
the postoperative elevation of pulmonary resistance.
To improve the surgical management of total cavopul-
monary connection (TCPC), we performed intraoperative
lung biopsy on 40 patients with single-ventricle physiology
and low pulmonary blood flow. We retrospectively analyzed
the results of histomorphometric study of these biopsy spec-
imens in relation to the outcome of the Fontan procedure to
determine whether predictive factors could be established.
Methods
Patient Selection
Between 1992 and 1999 in Laennec Hospital, Paris, we obtained
lung biopsy specimens from 40 patients aged 6 months to 23 years
(mean 8.2 ± 5.3 years, median 7 years) with univentricular heart (n
= 26) or tricuspid atresia (n = 14). Clinical and hemodynamic data,
surgical procedures, and outcomes are summarized in Table 1.
All patients underwent preoperative cardiac catheterization,
and the interval between catheterization and lung biopsy was less
than 1 month. Because pulmonary resistance could not be evalu-
ated in all cases, we considered PAP and pulmonary blood flow.
In 38 cases the operation was determined on the basis of clini-
cal and hemodynamic findings, and open lung biopsy was per-
formed during the procedure. In the remaining 2 cases a
preoperative lung biopsy was performed to help decide surgical
management.
Eighteen patients underwent TCPC, fenestrated in 5 cases to
facilitate the postoperative course, 16 patients had a partial
cavopulmonary connection (PCPC), and 6 patients had a palliative
procedure. Among the 18 patients who underwent a TCPC, 9 had
a bad result, defined as either takedown of the Fontan circulation,
low cardiac output, arterial oxygen saturation (SaO2) less than 75%
after a fenestrated Fontan operation, or death. All 18 patients
underwent operation by the same surgical technique with anasto-
mosis first between the superior vena cava and the right pulmonary
artery and second between the inferior vena cava and left pul-
monary artery. The myocardial protection and the aortic cross-
clamp time were comparable in all cases, and the postoperative
Outcome and SaO2 Biopsy grade
PCPC, 90% 2
TCPC, 95% 1
APS, 85% 3
TCPC fen, 60 then 83% 2
TCPC to PCPC, 80% 3
TCPC, 100% NA
Atrial septectomy, 90%, died 3
AVF, 82% 2
PCPC, 83% 2
PCPC, 86% NA
PAB, APVR treatment, 80%, died 3
APS, 73% 3
PCPC, atrial septectomy, 86% NA
TCPC to PCPC plus AVF, 85% 1
PCPC, 80% 2
TCPC fen, 65% then 95% 1
TCPC fen, 85% NA
TCPC, 100% 1
TCPC, 100% NA
TCPC fen, 86% 1
PCPC, 90% 2
APS, 85% 2
TCPC to PCPC, 95%, died 3
TCPC to PCPC plus APS, 80%, died 3
PCPC, 82% NA
PCPC, 85% 4
TCPC, 95% 1
PCPC, 90% 3
PCPC, 85% 1
PCPC, 82% 4
PCPC, 85% NA
TCPC fen, 90% 2
PCPC, 87% 1
PCPC, 80% 1
PCPC, 88% 2
PCPC, 86% 1
TCPC to PCPC, died 4
TCPC, died 4
TCPC, died 3
TCPC to PCPC, died 3
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management included pulmonary vasodilators, such as inhaled
nitric oxide, and spontaneous breathing if possible. The fenestra-
tion of the Fontan procedure was chosen in the 5 last cases to facil-
itate the outcome.
Pathologic Analysis (Figure 1)
The lung biopsy specimens were taken when the lung was at least
partially inflated and were fixed in 10% formaldehyde for 24
hours. Serial paraffin-embedded sections, 4-µm thick, were
Figure 1. Light microscopy of lung biopsy specimens obtained during operation (modified orcein elastin stain, origi-
nal magnification 400×). A, Normal terminal bronchial artery with thin and regular wall (arrow). B, Normal nonmus-
cularized alveolar duct artery (arrows). C, Terminal bronchial artery with mildly increased wall thickness without
intimal damage (arrow). D, Extension of muscle in distal alveolar duct artery; note presence of muscle between lam-
inae (arrowheads). E, Terminal bronchial artery with increased wall thickness and intimal fibrosis (arrow). F, Intimal
fibrosis in lumen of alveolar duct artery (arrows).
A B
C D
E F
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stained with hematoxylin and eosin, the Perl stain for iron, and
modified orceine for elastic fibers. In each biopsy specimen pul-
monary vascular structure was analyzed with quantitative mor-
phometric techniques as previously described18-20: pulmonary
arterial muscularity was assessed by determining the mean per-
centage arterial medial thickness of at least 40 arteries in different
size ranges and compared with the normal profile for age. The pro-
portions of muscular, partially muscular, and nonmuscular arteries
accompanying terminal bronchioles, respiratory bronchioles, and
alveolar ducts were also assessed to discover whether muscle had
differentiated in more peripheral arteries than normal for age. In
each biopsy specimen the sizes of the intra-acinar arteries were
determined by measuring the external diameters of all arteries
accompanying terminal bronchioles, respiratory bronchioles, and
alveolar ducts and estimating the mean external diameter at each
airway level.
Because the Heath-Edwards graduation is inappropriate in case
of minor changes, the morphometric grades of lung biopsy speci-
mens were assigned as follows: normal, normal arterial medial
thickness of proximal and distal pulmonary arteries with no inti-
mal damage (Figure 1, A and B); grade 1, medial hypertrophy less
than 2 times normal of proximal arteries but with normal medial
thickness of distal arteries accompanying alveolar duct and alveo-
lar wall (Figure 1, C and B); grade 2, medial hypertrophy of prox-
imal and distal pulmonary arteries less than 2 times normal
(Figure 1, C and D); grade 3, medial hypertrophy of proximal and
distal arteries more than 2 times normal; and grade 4, intimal
thickening (Figure 1, E and F).
Immunohistochemical Analysis (Figure 2)
Serial paraffin sections of lung tissue were immunostained with
antiserum to human smooth muscle α-actin (DAKO Corporation,
Carpinteria, Calif). Tissue sections were deparaffinized in toluene,
rehydrated through graded concentrations of ethanol to water, and
heated 40 minutes in buffered citrate at pH 6. Slides were incu-
bated in hydrogen peroxide to block endogenous peroxidase activ-
ity, washed in Tris buffer saline solution, and incubated for 1 hour
with antiactin (dilution 1:100) primary antibody or with normal
serum used as a negative control. Sections were then incubated
with a secondary antibody biotinylated immunoglobulin G and
stained with streptavidin labeled with peroxidase. Slides were
counterstained with Harris hematoxylin.
Statistical Study
Data are expressed as mean ± SD. The significance of difference
between groups was assessed by the Student t test or the Fisher
exact test, as appropriate.
Results
To find a predictive factor, histologic findings were corre-
lated against preoperative PAP and early postoperative out-
come.
Relationship of Histologic Pulmonary Arterial
Structure and Preoperative PAP (Table 2)
PAP was measured at preoperative cardiac catheterization
in all cases. Five patients had a PAP greater than 18 mm Hg;
these patients had a mean age of 6.8 ± 5.5 years. Thirty-five
patients had a low PAP (mean ≤18 mm Hg); they had a
mean age of 8.4 ± 5.5 years.
Lung biopsy specimens from all patients with a PAP
greater than 18 mm Hg (n = 5) were abnormal (1 grade 2, 3
grade 3, and 1 grade 4). Proximal and distal arterial medial
hypertrophy were present in all cases, and abnormally
thickly walled interlobar veins were observed in 2 patients
because of mitral stenosis or anomalous pulmonary venous
return.
Among the patients with a PAP no greater than 18 mm
Hg (n = 35), 17 (49%) had normal distal pulmonary arteries
(normal or grade 1) and 18 had medial hypertrophy of prox-
imal and distal arteries (8 grade 2, 7 grade 3, and 3 grade 4).
Furthermore, the proportion of entirely muscularized arter-
ies at each level was greater than expected for the age, indi-
cating that muscle had differentiated in more peripheral
arteries than normal, which was confirmed by the actin
immunostaining (Figure 2). In this group of patients with
low PAP there were no clinical or hemodynamic differences
according to whether the biopsy specimen was considered
normal or abnormal. Mean age, PAP, and SaO2 in those with
normal and abnormal specimens were, respectively, 7.6 ± 4
versus 9.2 ± 6.3 years (P = .4), 13.7 ± 2.5 versus 14 ± 2.8 mm
Hg (P = .7), and 76% ± 6% versus 76.7% ± 6.5% (P = .7).
Figure 2. Smooth muscle α-actin immunostaining of distal intra-
acinar pulmonary arteries with extension of muscle in peripheral
arteries.
TABLE 2. Relationship of histologic evaluation of pul-
monary arterial structure and preoperative PAP
Histologic examination
PAP (mm Hg) No. Normal Abnormal
≤18 35 17 (49%) 18 (51%)
>18 5 0 5
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We found anomalies even in the lung biopsy specimens
from patients with high SaO2, which is considered a good
indicator of low pulmonary resistance.
We found no differences in the previous surgical man-
agement that could explain those histologic changes.
Indeed, among the 17 patients with normal distal arteries,
13 had pulmonary stenosis (6 previous aortopulmonary
shunt) and 4 had no pulmonary protection, with banding at
1 month in 3 cases and at 6 months in the other. Among the
18 patients with biopsy specimens of at least grade 2, 11
had pulmonary stenosis (7 with previous aortopulmonary
shunt) and 7 had pulmonary hypertension with banding in
the neonatal period. Furthermore, pulmonary arterial struc-
ture was histologically similar between patients with uni-
ventricular heart and those with tricuspid atresia.
The mean percentage medial thickness of distal intra-
acinar pulmonary arteries was significantly lower in
patients with a PAP of 18 mm Hg or less than in patients
with a higher PAP (P < .01). The difference was not signif-
icant for proximal intra-acinar pulmonary arteries (Table 3).
Relationship of Histologic Pulmonary Arterial
Structure and Early Outcome (Table 4)
Among the 17 patients with normal distal intra-acinar pul-
monary arteries (normal or grade 1 on histologic study)
there were no deaths. There were 8 early deaths among the
23 patients with thick-walled distal pulmonary arteries
(grade ≥2, P = .006, Fisher exact test).
Among the total of 40 patients, 18 underwent TCPC and
22 underwent either PCPC or a palliative procedure. We
concentrated on the TCPC group to determine factors pre-
dictive of failure of the procedure. Of the 18 patients who
underwent TCPC, 9 had normal pulmonary biopsy speci-
mens with thin-walled proximal and distal pulmonary arter-
ies. In 8 of these cases the TCPC is working well with a
follow-up from 1 to 8 years. In the other case the cavopul-
monary connection was taken down for anatomic reasons.
Nine patients who underwent TCPC had abnormal pul-
monary biopsy specimens with medial hypertrophy of dis-
tal intra-acinar pulmonary arteries (2 grade 2 and 7 grade
3). Five patients had the TCPC taken down (with 4 deaths),
2 patients died of low cardiac output, and the 2 last patients
are alive with fenestrated TCPC with bad early clinical
results (pleural effusion and SaO2 < 80%). The biopsy spec-
imens of the 6 patients who died were all grade 3.
Among the patients who underwent TCPC, the mean
percentage wall thickness of small intra-acinar pulmonary
arteries was significantly greater in the 9 patients with poor
surgical results than in those with good outcomes (P < .01).
There was no difference when only greater arteries were
involved (Figure 3).
The mean age, PAP, hemoglobin level, and SaO2 were
similar in the groups with good and bad results (8.6 ± 4.3 vs
7.7 ± 6.9 years, P = .5; 14 ± 2.6 vs 15 ± 3 mm Hg, P = .8;
17.3 ± 1.6 vs 17.4 ± 1.3 g/dL, P = .76; and 76.4% ± 6.3%
vs 74% ± 8%, P = .15, respectively). We found no signifi-
cant difference in the previous surgical management that
TABLE 3. Relationship of PAP and percentage wall thick-
ness related to external diameter of intra-acinar pulmonary
arteries
Percentage wall thickness
Diameter Diameter Diameter
PAP (mm Hg) No. 0-50 µm 51-100 µm ≥101 µm
≤18 35 13.3 ± 6.3* 16.1 ± 7.8 18.3 ± 9.1
>18 5 22.2 ± 6.9 22.8 ± 7.2 23.5 ± 4.2
Data are mean ± SD.
*P < .01 compared with PAP >18 mm Hg.
TABLE 4. Relationship of histologic evaluation of pul-
monary arterial structure and outcome
Histologic examination
Normal or Grade 2
Surgery No. grade 1 or higher Deaths*
TCPC 18 9 9 6 (30%)
PCPC 16 8 8 0
Palliation 6 0 6 2 (33%)
*All patients who died had abnormal biopsy specimens (grade 3).
Figure 3. Relationship between percentage wall thickness of dis-
tal pulmonary arteries (external diameters <50 µm, 50-100 µm, and
100-200 µm) and outcome of Fontan procedure (striped bars, nor-
mal values for age; white bars, good result; black bars, bad
result). NS, Not significant. Asterisk indicates P < .01; cross indi-
cates P < .05.
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could explain the different outcomes of the Fontan proce-
dure with respect to age and the degree of pulmonary vas-
cular bed protection. Among the 9 patients with normal
distal arteries and good outcomes, 8 had pulmonary steno-
sis (4 with previous aortopulmonary shunts, polytetrafluo-
roethylene 4- or 5-mm grafts, depending on age) and 1 had
no pulmonary protection, with banding at 3 and 6 months.
Among the 9 patients with thick-walled pulmonary arteries
and poor outcomes, 5 had pulmonary stenosis (4 with pre-
vious aortopulmonary shunts) and 4 had pulmonary hyper-
tension with banding at 1.5, 2, 3, and 4 months. Two
patients had persistence of high pulmonary blood flow after
palliation (unprotective banding for 1 and large shunt for
the other), and both of these patients had good outcomes
after the Fontan procedure.
Sixteen patients underwent PCPC as the first stage of the
Fontan procedure. Eight had normal pulmonary biopsy
specimens and 8 had medial hypertrophy of proximal and
distal pulmonary arteries (5 grade 2, 2 grade 3, and 1 grade
4). There were no deaths in this group.
Six patients had a palliative procedure (1 pulmonary
artery banding, 3 systemic-pulmonary anastomosis, 1 arte-
riovenous fistula, and 1 atrial septation). All these patients
had abnormal pulmonary biopsy specimens (grade 2 or 3),
and 2 died.
Discussion
The Fontan procedure was proposed for the correction of
complex lesions where biventricular repair was impossible.
In the absence of an effective right ventricle, even slight
increases in pulmonary vascular resistance could result in
low cardiac output, with extravascular fluid accumulation
and hepatic congestion associated with increased early mor-
tality.21-24 In our study and those of others, we noted failure
of the Fontan procedure even when the usual selection cri-
teria relying on hemodynamic data were strictly respected.
We therefore looked at pulmonary vascular structure
through a histomorphometric study of distal pulmonary ves-
sels. Although a lung biopsy specimen may not represent
the status of the whole lung because of the differential
blood flows in the lungs of patients with single-ventricle
physiology, it was always abnormal in cases of Fontan pro-
cedure failure.
Relationship of Pulmonary Arterial Structure and PAP
Among the patients with a mean PAP greater than 18 mm
Hg, all had medial hypertrophy of proximal and distal arter-
ies in the lung biopsy specimen. Among the patients with a
mean PAP of 18 mm Hg or less (n = 35), only 17 patients
had normal pulmonary arterial wall thickness; the remain-
ing 18 had extension of muscle fibers in distal intra-acinar
pulmonary arteries. No anatomic, clinical, or hemodynamic
differences could be found to predict the histologic find-
ings. This extension of muscle could be responsible for
hypertensive pulmonary crisis. Indeed, small pulmonary
arteries are involved in pulmonary resistance. The endothe-
lial cells of those arteries produce vasodilatory factors, such
as nitric oxide. In addition to its vasodilatory effects, nitric
oxide acts as an anticoagulant and antiproliferative sub-
stance.25 It has been shown in patients with pulmonary
hypertension that it is in the small pulmonary arteries that
the expression of the nitric oxide synthase is the least.26 In
those resistive arteries the lack of nitric oxide could be
responsible for a proliferation of smooth muscle cells in the
wall of distal pulmonary arteries. The moderate increase in
wall thickness of distal pulmonary arteries explains the
normal PAP at catheterization but could also explain the
pulmonary hypertensive crisis that we observed after car-
diopulmonary bypass. Other authors have also noted simi-
lar discrepancies between pulmonary pressure and
structure.14,16,27
We observed differences in medial hypertrophy at the
preacinar and intra-acinar levels, as has already been
described.16,28 In 6 children we found an increased medial
thickness of proximal pulmonary arteries, whereas the dis-
tal pulmonary arteries accompanying the alveolar ducts and
the alveolar wall were normal. All of these patients under-
went TCPC with good early outcomes, except 1 whose
TCPC was taken down for anatomic reasons. It therefore
appears that the relationship between structure and pressure
exists only when PAP is high (>18 mm Hg) and that TCPC
can be performed with good result when distal pulmonary
arteries have a normal wall thickness.
Relationship of Pulmonary Arterial Structure and
Outcome (Morbidity and Early Mortality)
All 8 children who died had abnormal pulmonary biopsy
specimens (at least grade 3), and 5 of the 8 had a PAP of 18
mm Hg or less. Of the 18 patients who underwent TCPC,
50% had good results. All of these had normal distal pul-
monary arteries, associated in 6 cases with moderate medial
hypertrophy of proximal pulmonary artery accompanying
terminal bronchioles (grade 1). When increased medial
thickness was also observed in distal intra-acinar pul-
monary arteries in the lung biopsy specimen, the outcome
of TCPC was always poor despite the usual postoperative
management, including inhaled nitric oxide. We could not
find other predictive factors (age, previous surgical man-
agement, degree of pulmonary vascular bed, surgical tech-
nique) that appeared to influence the outcome. Although
lesions are potentially reversible, patients undergoing a pro-
cedure according to the Fontan principle can have perioper-
ative acute vasoconstriction leading to labile hemodynamic
values; this is often observed in the immediate postopera-
tive period.29 The increased amount of pulmonary arterial
smooth muscle contributes to the degree of pulmonary
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hyperreactivity produced by vasoconstrictive stimuli
(hypoxia, cardiopulmonary bypass, and metabolic factors)
present during the postoperative period.
There was no relationship between PAP and outcome
among patients with low pulmonary pressures. Histologic
anomalies were always associated with poor outcome of the
TCPC even for patients with low pulmonary resistances.
Although the group of patients we studied was small, we
found an apparent increased risk of death after physiologic
repair among patients with univentricular heart with medial
hypertrophy of small intra-acinar arteries. Furthermore, we
demonstrated that moderate medial hypertrophy of pul-
monary arteries accompanying terminal or respiratory bron-
chioles can be observed with normal wall thickness of distal
pulmonary arteries accompanying alveolar ducts (grade 1)
with good clinical results of TCPC. In contrast, even a slight
increase of wall thickness of extremely distal pulmonary
arteries (grade 2) leads to a complicated postoperative
course, and all patients with histologic lesions more severe
than grade 2 died or had the circulation taken down.
We conclude that histomorphometric study of distal
intra-acinar arteries is useful in surgical decision making.
Because such a study itself demands a surgical approach,
the Fontan procedure should be performed in two stages,
with lung biopsy during the first stage (the PCPC). The
decision to complete the procedure should be made only in
the absence of extension of muscle in more peripheral arter-
ies than normal. This work warrants further investigation
with a prospective study for a better selection of patients
before the Fontan procedure.
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